We propose the detection of entanglement at the LHC by characterizing the spin correlations of top-antitop quark pairs. We study the process in terms of the sum of the individual processes differing by the initial state (quark-antiquark or gluon-gluon) for fixed top direction and energy in the center-of-mass frame. We show that, by imposing a selection criterion on the invariant mass spectrum and due to the dominance of gluon fusion, entanglement can be detected by direct measurement of accessible observables of the top-antitop pair leptonic decay products. We conclude that entanglement is measurable with more than 5 statistical deviations, with similar relative uncertainty as at recent LHC measurements, using the current data recorded.
Introduction. Entanglement is one of the most genuine features of quantum mechanics [1] [2] [3] . It has been experimentally observed in different systems such as photons [4] , neutral atoms [5] , ions [6] , superconducting qubits [7] , mesons [8] , analog Hawking radiation [9] , nitrogen-vacancy centers in diamond [10] or even macroscopic diamond itself [11] . Recently, using similar setups, loophole-free violations of Bell's inequality were observed for the first time [12] . Apart from its fundamental interest, entanglement is a key resource for metrology, teleportation, quantum information and quantum computation [13] [14] [15] [16] [17] [18] .
The standard model (SM) of particle physics is a quantum field theory, based on special relativity and quantum mechanics. Therefore, it also allows to test fundamental properties of quantum mechanics. For instance, entanglement has been studied in the context of particle physics [19] [20] [21] [22] , and it is currently a hot topic of research in the field [23] [24] [25] . In addition to the intrinsic value of testing entanglement in a new scenario, due to its genuine relativistic behavior, the high-energies related, the more exotic character of the interactions involved, and the possibility of exploring new physics, this environment is particularly rich for carrying such a study.
One of the most common tools to detect entanglement is the fulfillment of some criteria involving the measurement of spin correlations. At the large hadron collider (LHC), the spin correlations between two particles can be extracted from the kinematical distributions of the products of their decay. Top quarks fulfill the requirements for this kind of measurement: they have a lifetime (∼ 10 −25 s) which is shorter than the the time scale for hadronisation (∼ 10 −23 s) and for spin decorrelation (∼ 10 −21 s) [26] . Therefore, the spin correlations of topantitop quark pairs (tt) can be detected by measuring their decay products. * Electronic address: yoavafik@campus.technion.ac.il † Electronic address: jrmnova@fis.ucm.es Measurements of the tt pair spin correlations have been provided by the D0 and CDF collaborations at the Tevatron with proton-antiproton (pp) interactions [27] [28] [29] [30] [31] , and by the ATLAS and CMS collaborations at the LHC with proton-proton (pp) interactions [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . There have been many works establishing the framework by exploring spin correlation between two top quarks [42] [43] [44] [45] [46] [47] [48] [49] [50] . However, so far, no link between those type of measurements into entanglement is found at the literature.
In this work, we propose the detection of entanglement via the spin correlations of tt pairs at the LHC, using directly measurable observables from their leptonic decay products. This detection would represent the first experimental observation of entanglement between two fundamental particles of the SM in a high-energy collider.
General framework. A quantum state is described by a non-negative operator ρ in a Hilbert space satisfying tr(ρ) = 1. The expectation value of a certain observable O in that quantum state is O = tr(Oρ). For a bipartite Hilbert space H formed by the direct product of two subsystems, a, b, H = H a ⊗ H b , a quantum state is said to be separable if it can be written as
where ρ a,b n are quantum states in the sub-systems a, b, and the weights p n satisfy n p n = 1, p n ≥ 0. Any classically correlated state in H can be written in this form [51] . A state that is non-separable is called entangled and hence, it is a non-classical state.
The canonical case of a bipartite system is the Hilbert space formed by two spin-1/2 particles, as in the case of tt pairs produced at the LHC, arising from pp collisions at high energies in processes involving quarks (spin-1/2 fermions) and gluons (massless spin-1 bosons).
The production of a tt pair is kinematically determined by their invariant mass M tt and the top directionk in their center-of-mass (CM) frame, while their spins are characterized by the so-called production spin density matrix, whose most general form is
with I 4 the 4 × 4 identity matrix and σ i ,σ j the Pauli matrices in the spin space of the top, antitop, respectively. The previous density matrix is not properly normalized. In particular,Ã determines the parton differential cross-section for the tt production, while the co-efficientsB + i ,B − i characterize the spin polarizations of the top and the antitop, σ i , σ j , andC ij the tt spin correlations, σ iσj .
The expectation value of any observable is obtained by integrating the previous production spin density matrix along some selected region Π of the phase space (M tt ,k) [43, 48] , Entanglement analysis of tt production. We study the presence of entanglement in tt pairs using QCD perturbation theory at leading-order (LO). Higher-order corrections are expected to be small [48, 52] , while the physical picture at LO is simpler and neater, and the final results and conclusions still hold in the general case.
At LO, only two initial states are possible for tt production from pp collisions: a pair of light quark and antiquark (qq), or a pair of gluons (gg), with incidence determined by the density of quarks and gluons in the proton. Representative Feynman diagrams for those processes are presented in Figure 1 .
Specifically, the total production spin density matrix can be computed in terms of each partonic counterpart R I as
with the index I labeling the different parton reactions, I = qq, gg, and L I (M tt ) the so-called luminosity functions [46] , accounting for the incidence of each reaction I in the total process through the parton distribution functions (PDF). We calculate L I (M tt ) numerically by setting the CM frame of the pp collisions to be √ s = 13 TeV, which corresponds to the latest data recorded by the LHC, and using the NNPDF30LO PDF set [53] . In order to make sure this choice has a negligible effect on our results, we examine other PDF sets as well, finding similar results. Analogously, Eq. (3) can be put in terms of the partonic quantum states ρ I and probabilities p I , defined in a similar fashion to Eq. (4) with respect to R I .
A useful orthonormal vector basis to compute the spin polarizations and correlations characterizing the matrix R is the so-called helicity basis [44] , {k,r,n}, witĥ r = (p−cos Θk)/ sin Θ andn =r ×k,p being the unitary vector in the direction of the beam and Θ the production angle with respect to the beam line, cos Θ =k ·p. The coefficientsB ± i ,C ij are functions solely of the invariant mass M tt and cos Θ. Specifically, in the SM, the correlation matrixC ij is symmetric andB + i =B − i ; in particular, at LO, the net polarizations vanish,B ± i = 0, and the spin in the n-axis is uncorrelated to the other directions. Therefore, we only need to take into account spin correlations to characterize the entanglement of the tt pair. All these properties arise from those of the partonic matrices R I , whose values at LO are well known and can be found in the literature [43, 46, 48] .
For studying entanglement, we invoke the usual Peres-Horodecki criterion [54, 55] , which is a sufficient and necessary condition for entanglement in bipartite systems of spin-1/2 particles. It can be proven that the Peres-Horodecki criterion reduces to the condition ∆ > 0, with
where the actual spin correlations C ij are given by the ratio C ij =C ij /Ã. Similar quantities ∆ I can be defined for each ρ I . Specifically, ρis entangled in all phase space since ∆≥ 0, only saturating the inequality for Θ = 0 or M tt = 2m t , while ρ gg is separable in a finite region of the phase space, delimited by the critical boundaries obtained from the condition ∆ gg = 0. As shown in Figs. 2a,b, these predictions perfectly agree with the more quantitative measurement of entanglement provided by the concurrence of the quantum state, C(ρ) [56] , which satisfies 0 ≤ C(ρ) ≤ 1, vanishing if and only if the state is separable. These results can be understood from the nature of each reaction. Theinitial state gives rise to a tt pair via an exchange of a gluon between the initial and final state, requiring the spins of the initialpair to be aligned in the same direction. In particular, at threshold,reaction produces a tt pair in a spin-triplet state, with spins perfectly aligned along the beam axis, corresponding to a maximally correlated but separable state. Thus, close to threshold or for very low production angles, the degree of entanglement is expected to be small, as can be seen in the corresponding plot. On the contrary, gg fusion allows the spin polarization of the gluon pair to align in different directions; at threshold, this feature produces a tt pair in a spin singlet state, maximally entangled (C[ρ] = 1). In the opposite limit of very high energies and production angles, as orbital momentum contribution becomes more dominant, both reactions converge to the same quantum state, a spin triplet with zero projection onto the orthogonal axisn [49] , also maximally entangled.
With the contribution of these individual processes, we analyze the presence of entanglement in tt production at LO at the LHC. The concurrence for the resulting quantum state ρ(M tt ,k) is plotted in Fig. 2c , while in Fig. 2d we represent the associated differential cross-section. We note the strong resemblance between the plot of the total quantum state and that of gg reaction, resulting from the dominance of tt production through gluon fusion at the LHC. From the plot of the cross-section, we also see that a strong signal is expected in the lower sub-region where the total quantum state is entangled, thus allowing for a potential experimental detection.
As an intermediate step, we analyze the distributions resulting from averaging the production spin density matrix over all possible top directions,
The resulting averaged matrix is characterized by a correlation matrixC ij in a f ixed basis {x,ŷ,ẑ} in space, witĥ z along the beam axis andx,ŷ pointing transverse directions to the beam. Due to the polar symmetry around the beam axis,C ij (M tt ) is diagonal and satisfiesC ij = δ ijCi , C x =C y =C ⊥ ,C z , describing the spin correlation in the so-called beam basis [47, 52] . The associated quantum state to R(M tt ) is simply given by ρ(M tt ) = R(M tt )/4Ã(M tt ), withÃ(M tt ) the angular average ofÃ(M tt ,k), and the spin correlations by C ij (M tt ) =C ij (M tt )/Ã(M tt ). The correlations C i are represented as a function of the invariant mass in Fig.  3a .
The angular average of the spin correlations in the changing helicity basis, {k,r,n} is also computed through Eq. (7), although they do not characterize now the total quantum state of the system since the orientation of the helicity basis moves withk. The resulting matrixC ij (M tt ) in this basis is also diagonal because the angular average ofC kr (M tt ) vanishes at LO.
Regarding the presence of entanglement, any crite- rion indicating entanglement in the total quantum state ρ(M tt ) implies that some of its component sub-states ρ(M tt ,k) are also entangled because if all of these were separable, the total quantum state would be also separable. The quantity δ ≡ −C z + |2C ⊥ | − 1 > 0 is a sufficient and necessary condition for the total quantum state to be entangled. For the individual partonic reactions, δ< 0, while δ gg > 0 below some critical value M tt ≃ 447 GeV. The loss of entanglement for quark processes arises due to the decoherence introduced by the angular average; however, since the tt pair arising from gluon fusion close to threshold is in a spin singlet state, invariant under rotations, it is unaffected by the angular averaging.
Focusing on specific experimental processes, as gg channel dominates at the LHC, the total quantum state arising for tt production is still entangled in some energy range. It can be shown that gg dominance also implies δ = ∆ = −tr[C]−1, with ∆ similarly defined as in Eq. 6. Hence, the correlations in the helicity basis can also be used to characterize the entanglement of the total quantum state. This equivalence stems from the invariance under rotations of the trace of the correlation matrix,
We represent the concurrence of the angular-averaged quantum state at the LHC and for pure gluon fusion in Fig. 3b , along with the corresponding entanglement markers ∆, ∆ gg . Once more, a perfect agreement between both entanglement criteria is observed. After studying the energy dependence of the different spin and kinematic distributions, we perform the integral over the invariant mass in order to obtain the expected values for the experiment,
The integral limits mean that we only take events with invariant mass in the window [2m t , M tt ]. This averaging gives rise to similar integrated quantities A W (M tt ),C ij−W (M tt ), and so on, with σ W (M tt ) = π 2 α 2 sÃ W (M tt )/m 2 t c 2 the cross-section characterizing the selected window in phase space.
The resulting integrated spin correlations are represented in Fig. 3c as a function of the invariant-mass cut. In addition, we also depict
The quantity D W is of particular experimental relevance as it can be directly measured from the angular separation between the leptons arising from a dileptonic decay of the tt pair [41] ,
where ϕ is the angle between the lepton directions in each one of the parent top and antitop rest frames. Hence, we can use the observable D W as a simple entanglement marker since the condition ∆ W > 0 translates into D W < −1/3, providing a direct measurement of the non-classicality of the system. We note that D W , as it is directly proportional to the trace of the correlation matrix, is invariant under rotations and does not assume the choice of any specific basis for the spin-correlations.
From Fig. 3d , we can see that, by imposing a requirement on the invariant mass below M tt 550 GeV, we can get a strong signal (as shown in the inset) while clearly detecting entanglement. We note that the upper limit for entanglement here is significantly larger than that of the states ρ(M tt ) in Fig. 3b . This increase arises from the fact that the quantum state ρ W (M tt ) is essentially a sum of the angular-averaged sub-states ρ(M tt ); hence, one needs to go to higher energies to include a sufficient amount of separable states to dilute the contribution of those entangled close to threshold in order to make the total state ρ W (M tt ) separable. However, if the window in the mass spectrum is entirely placed in the region of separability of ρ(M tt ), no entanglement can be detected.
We conclude that is necessary to introduce mass requirements in order to measure entanglement; this was already evident from recent experiments [41] , where it was measured D W = −0.237 ± 0.011 > −1/3, without any requirements on the mass window. Although our calculation is restricted to LO, in general, the criterion D W < −1/3 still provides a sufficient condition for the detection of entanglement in the total quantum state of the system. Furthermore, in order to make sure the QCD perturbation theory next-to-leading-order (NLO) has a negligible effect on our results, we calculated D W numerically by using MadGraph [57] and MadSpin [58, 59] at NLO, and found similar results. Moreover, by measuring all the required expectation values, the quantum tomography of the total quantum state of the system can be performed to compute its concurrence to further quantitatively measure its degree of entanglement.
In Fig. 4 we present an experimental perspective for the measurement of entanglement at the LHC. The null hypothesis is defined to be the upper limit where D W does not indicate on a measurement of entanglement, i.e. D W = −1/3. We present the number of measurement uncertainties, ∆D W , differing between the expected measurement and the null hypothesis for a spectrum of relative uncertainties, defined as ∆D W /D W , where D W is the expected measured value. Any measurement with a significant statistical deviation from the null hypothesis implies a measurement of entanglement. In particular, the measurement of D W as noted at Ref. [41] , has a relative uncertainty of 4.6%. Even though in this measurement no hard selection on the tt invariant mass spectrum is applied, we note it is possible to have high enough statistics with this kind of selection. In particular, as can be seen at Ref. [37] , a selection of [2m t , M tt ] with M tt = 450 GeV leaves an order of 10 4 events, accounting for selection efficiency and detector acceptance, with a total integrated luminosity of 36.1f b −1 . For this selection, entanglement can be measured with 5 statistical deviations if the relative uncertainty is up to 6%.
Lower selections of M tt decrease the value of D W , allowing higher relative uncertainties to have similar statistical significance.
Conclusions and outlook. In this first study of entanglement between a pair of tt quarks we show that it can be detected at the LHC. By implementing some requirements on the invariant-mass of the tt pair, the measurement of the angular separation between their leptonic decay products provides a direct signature of spinentanglement between the tt pair. This result is obtained due to the dominance of gluon fusion processes in the tt production mechanism at pp collisions.
The detection of entanglement at the LHC opens the prospect to translate standard quantum information techniques into high-energy colliders. The genuine relativistic behavior of the system and the exotic interactions involved make this environment specially attractive for such purpose. The analysis developed in this work can be used for detecting entanglement in other environments, such as the Tevatron. From the high-energy perspective, it is also interesting to study possible effects of new physics beyond the standard model into entanglement.
